ABSTRACT: Slow photoelectron velocity-map imaging (SEVI) spectroscopy has been used to study the vibronic structure of gas-phase α-and β-naphthyl radicals (C 10 H 7 ). SEVI of cryogenically cooled anions yields spectra with <4 cm −1 resolution, allowing for the observation and interpretation of congested vibrational structure. Isomerspecific photoelectron spectra of detachment to the radical ground electronic states show detailed structure, allowing assignment of vibrational fundamental frequencies. Transitions to the first excited states of both radical isomers are also observed; vibronic coupling and photodetachment threshold effects are considered to explain the structure of the excited bands.
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There is a solid body of theoretical work on the electronic structure, geometries, and vibrations of the naphthyl radicals and anions 5,15−20 and some calculations of their reactivity in the context of combustion. 21, 22 Experimental characterization is sparser. Reed and Kass 23 and Lardin et al. 24 measured the electron affinities (EAs) of the α-and β-naphthyl radicals through kinetic methods and calculated the α and β C−H bond dissociation energies of naphthalene. Both studies found the α anion to be lower in energy than the β anion by several kJ/mol, favoring α formation in deprotonation of naphthalene.
Anion photoelectron spectroscopy (PES) is a powerful technique for probing the vibronic structure of neutral radicals through photodetachment of a closed-shell anion.
25,26 Ervin et al. 18 measured the photoelectron spectrum of C 10 H 7 − at 300 K and with a resolution of ∼100 cm . The authors reported a congested, partially resolved spectrum of the radical ground state with an EA of 1.403(15) eV. By comparison to Franck− Condon (FC) simulations, the spectrum was assigned to an 11:1 α:β isomer ratio. Substantial enrichment in α-naphthyl is consistent with the authors' use of nonspecific deprotonation of naphthalene to generate anions.
Slow photoelectron velocity-map imaging (SEVI) spectroscopy, 25 a high-resolution variant of anion PES, is a method apt to tackle the challenges of the naphthyl system in combination with gas-phase synthesis techniques and ion cooling. When anions are cryogenically cooled prior to photodetachment, hot bands and sequence bands vanish and rotational envelopes dramatically narrow, yielding features as narrow as 4 cm −1 full width at half-maximum (fwhm) for molecular systems. 27 We report vibrationally resolved, isomer-specific SEVI spectra of the ground and first excited states of the α-and β-naphthyl radicals, providing a wealth of vibronic information on these species.
The SEVI method and apparatus are described in detail elsewhere.
25,27,28 Naphthyl anions were prepared by flowing trace NF 3 in helium gas over a reservoir containing α-or β-trimethylsilyl (TMS)-naphthalene, and expanding this mixture through an Even−Lavie pulsed valve 29 fitted with a circular filament ionizer. The TMS-naphthalene precursors were synthesized according to the procedure described by Marcinow et al. 30 from the corresponding α-and β-bromonaphthalenes (Sigma-Aldrich, 97%). Dissociative electron attachment to NF 3 produced F − which reacted with TMS-naphthalene, selectively forming the α-or β-naphthyl anion. 23, 31 The anions were collisionally cooled in an ion trap held at 5 K, mass-selected, and then photodetached with the output from a tunable dye laser. The electron kinetic energy (eKE) distribution of the resulting photoelectrons was measured with a velocity-map imaging spectrometer operated using low extraction voltages to preferentially detect low-eKE electrons, which are imaged with the highest resolution.
Energetics, optimized C s geometries and harmonic frequencies were calculated for the α-and β-naphthyl anionic and neutral states at the B3LYP/6-311+G* level of theory, which has previously worked well for PAH systems. 32 Calculations of excited state geometries and harmonic frequencies were carried out with the maximum overlap method (MOM). 33 Dyson orbitals were calculated with EOM-IP-CCSD/6-311+G*. All calculations were done in Q-Chem 4.0. 34, 35 Zero-point corrected energetics and selected vibrational frequencies are reported in Table 1 . Complete lists of calculated geometries and frequencies are reported in Tables S1−S4 of the Supporting Information (SI), with molecular structures labeled in Figure S1 .
FC simulations were carried out using ezSpectrum, 36 with all modes treated in the harmonic approximation and with full Duschinsky mixing. Simulations were shifted in binding energy and scaled to align with the position and intensity of each experimental vibrational origin. Vibrational fundamentals that were observed in the SEVI spectra were scaled to their experimental values; the others were left at their B3LYP calculated values. Photodetachment cross sections were calculated as a function of eKE using the ezDyson program. 37, 38 Given ab initio Dyson orbitals, ezDyson finds the contribution of partial spherical waves with angular momentum l ≤ 4 to the wave function of the outgoing photoelectron. Photoelectron angular distributions were also considered, as discussed in the SI.
SEVI spectra of photodetachment to the low-eBE edge of the α-and β-naphthyl radical X̃2A′ bands are shown in Figure 1 . Low-resolution spectra are plotted in blue while high-resolution composite traces are in black. Overview spectra of the entire FC profile of the X̃bands for the two isomers are given in Figure  S2 . High-resolution peak widths are ∼8 cm −1 fwhm, in line with typical SEVI resolution for molecular systems. The ground state spectra of both isomers show congested FC activity that is accurately predicted by FC simulations (red). Peaks indicating a ∼4% contamination of the β isomer in the α-naphthyl spectrum are marked with asterisks in Figure 1a , and are consistent with the purity of the α-bromonaphthalene starting material and 1 H NMR characterization of the α-TMS-naphthyl precursor.
Spectra of the Ã2A″ excited states of the two isomers are shown in Figure 2 . The Ãbands of both isomers have strong vibrational origins and weak vibrationally excited FC structure, qualitatively matched by simulation. The Ãstate vibrational origins have vanishing intensities close to threshold. SEVI can only yield narrow features at low eKE, and thus origin peak widths are limited to ∼60 cm −1 fwhm by the experimental resolution. Experimental findings are summarized in Table 1 , and compare well to calculated values. Full spectral assignments can be found in Tables S5 and S6 .
The spectra shown in Figure 1 represent the first highresolution characterization of the α-and β-naphthyl radical ground states, and are a testament to the efficacy of the SEVI method when combined with cryogenic cooling and isomer selection techniques. Our overview spectrum of the α-naphthyl X̃band ( Figure S2 ) is in excellent agreement with the naphthyl spectrum reported by Ervin et al. 18 Our measured EAs for α-and β-naphthyl (Table 1) agree with prior work, with much improved precision. 18, 23, 24 Both X̃bands show extensive FC activity, indicative of a large change in geometry upon photodetachment. For these transitions, the electron is detached from an s-p hybrid orbital localized on the deprotonated site; calculated Dyson orbitals are shown in Figure 3 . Correspondingly, geometry optimization calculations indicate that for both anions, the C−C−C interior bond angle at the deprotonated site changes dramatically upon photodetachment, narrowing by 14° (Tables S1 and S2 ). The highly FC active vibrational modes are in-plane, as required by the C s symmetry of the system, and involve distortion at the deprotonated site ( Figure S3) .
The SEVI spectra of the α-and β-naphthyl Ãbands shown in Figure 2 represent the first experimental report of these states. The observed term energies are well matched by MOM calculations ( Table 1 ). The Ãbands of both species have intense vibrational origins, indicating small changes in geometry upon photodetachment. Accordingly, the calculated excited state geometries show little displacement from the anion geometries (Tables S1 and S2) , and the Dyson orbitals for these transitions are highly delocalized (Figure 3) .
The poor resolution of the Ãbands results from transition cross sections decaying close to threshold. According to the Wigner threshold law, 39 σ ∝ (eKE) l+1/2 , where σ is the nearthreshold photodetachment cross section and l is the angular momentum of the nascent photoelectron. Considering the naphthyl isomers as pseudo-D 2h species, the Ãstate Dyson orbitals have A u symmetry. Within the s&p model, 40 an A u photodetachment transition produces outgoing electrons with l ≥ 2, yielding vanishing σ at small eKE. The X̃states, on the other hand, have localized s-p hybrid Dyson orbitals, which allows for partial l = 0 detachment and retained intensity at small eKE. 41 Calculated photodetachment cross sections, shown in Figure 3 , are consistent with this threshold behavior for the X̃and Ãstates of both species.
Some weak vibrational features (marked with asterisks in Figure 2 ) maintain intensity close to threshold in the Ãstate spectra of both species, and are not well-represented by simulation. We assign these features as transitions to FCforbidden a″ vibrational modes of the Ã2A″ state, which can undergo Herzberg−Teller coupling to a′ vibrational levels of the X̃2A′ ground state. This coupling allows otherwise forbidden Ãstate a″ modes to borrow threshold behavior from the X̃state, explaining both why these features do not appear in simulations, and why they retain intensity at low eKE. More detailed discussion of vibronic coupling among neutral electronic states in SEVI experiments can be found in ref 32 .
The present work represents the first high-resolution spectroscopic characterization of the ground states of the α-and β-naphthyl radicals, and the first experimental measurement of the lowest excited states of both species. This study demonstrates the utility of SEVI for studying such species, especially when combined with cryogenic cooling and synthetic techniques for isomer selection.
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